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Abstract

In order to develop a chemical recycling system of polyurethanes (PUs),

environment-friendly hydrolysis of two types of aliphatic PUs was studied under

pressured COz in water, in which the carbonic acid generated from CO: acted as an acid

catalyst. Two PUs, namely H-PU or I-PU, were synthesized starting from 1,4-butanediol

and 1,6-hexamethylene diisocyanate (HDI) or isophorone diisocyanate (IPDI),

respectively. The hydrolysis of PUs depended on the experimental conditions, such as

the temperature and CO2 pressure. As a result, 98% of H-PU and 91% of I-PU were

successfully hydrolyzed under the typical conditions of 190 °C for 24 h at 8.0 MPa CO:a.

The reaction mixtures afforded 1,4-butanediol and diamines without the

formation of any byproducts. Both of these raw materials generated from the originated

PUs by selective hydrolytic cleavage of the urethane linkages, and they were easily

isolated in high yields simply by evaporation of the water-soluble components within

the reaction mixture. By comparing the results of the two aliphatic PUs with those of an

aromatic PU (M-PU), the hydrolyzability was found to decrease in the order H-PU,

I-PU, and M-PU. The difference can be ascribed to the hydrophilicity of the aliphatic or

aromatic groups connected to the urethane moieties at the terminals of PUs.



Introduction

In order to construct a sustainable society, the chemical recycling of polymeric
materials remains an extremely crucial issue to tackle. Polyurethanes are industrially
important polymeric materials, which are used for a variety of applications, such as
foams and elastomers.! Some polyurethanes are responsible to external stimulus, and
can be recycled owing to the reversible scission of covalent bonds within the
structures.>* Moreover, the hydrolysis of polyurethanes has been studied as a
methodology for chemical recycling. However, polyurethanes obtained from
alkanediols and diisocyanates are chemically stable polymers resistant to solvents.
Several studies on the chemical recycling of polymers into monomers have been
reported. It has been reported that the conversion to the desired monomers should
proceed with high selectivity and utilize easy techniques by employing non-hazardous
chemicals for the decomposition.

Degradation reactions™’ (e.g., hydrolysis, aminolysis, alcoholysis, and
glycolysis) have been used for the chemical recycling of polyurethanes. However, the
urethane linkages are relatively stable, and in some cases, protecting groups such as the
benzoxycarbonyl group (Cbz) are used to mask their amino functionalities.® Therefore,

a strong acid or base catalyst must be used for the hydrolysis.”!® Under such harsh



reaction conditions, excessive or unexpected degradation usually accompanies the
solvolysis of polyurethanes; thus, the resulting reaction mixture may contain undesired
byproducts in addition to the hydrolyzed products, i.e., alcohol and amine.>¢

In order to achieve satisfactory chemical recycling, the development of suitable
catalysts for the hydrolysis of polyurethanes is desirable. Such catalysts should be safe,
cheap, abundant, readily available, and easily removable from the reaction mixture.
Furthermore, an appropriate catalytic activity may prevent the aforementioned excessive
degradation of the hydrolyzed products.

Recently, a catalytic system using CO: in water, especially under high pressure,
has received much attention since CO: and water are chemically safe and
environmentally benign components. In this system, CO2 produces carbonic acid in situ
by reaction with water;'"!? then, the formed carbonic acid acts as an acid catalyst.'?

1417 reduction'?, and dehydration'® reactions in the presence of this catalytic

Hydrolysis
system have been already reported.

Previously, we have applied this hydrolysis system to an aromatic polyurethane
(M-PU)!7 (Scheme 1). In this hydrolysis reaction, the formed carbonic acid effectively

functioned as an acid catalyst to hydrolyze M-PU. Besides, this hydrolysis reaction

produced the corresponding raw chemicals, diamine and diol, derived from the cleavage



of the repeating units of M-PU in excellent yields. A plausible reaction mechanism was

17 according to which the acid activated the carbonyl

discussed in a previous study,
group and then the hydrolytic cleavage of the urethane group occurred. For this process
to occur, it is important that this chemical recycling system should include only CO2 and
water, and the concentration of the aqueous solution in the hydrolyzed reaction mixture
allows to easily afford the raw chemicals with no need of neutralization or extraction.
The susceptibility of M-PU to hydrolysis depends on two major factors: (1) the
inherent stability of the urethane groups under the reaction conditions, and (2) the
accessibility of water to these linkages. The latter is expected to be affected by the
hydrophilicity of the chemical structure around the urethane moieties. It was found that
the urethane groups near the hydrophilic hydroxy groups at the polymeric terminals
were more hydrolyzable than those next to the hydrophobic aminophenyl moieties. This
result suggested that the chemical structure of PUs affected the hydrolyzability. Hence,
it is important to clarify whether this hydrolysis system using CO2 and water is
applicable to other types of PUs consisting of aliphatic structures or not. Thus, the
hydrolysis behavior of aromatic!” and aliphatic PUs should be studied while paying

attention to the relationship between the hydrolyzability and hydrophilicity dependent

on the structure.



In this study, we investigated the hydrolytic behavior of aliphatic PUs bearing

linear alkyl or bulky alicyclic moieties at the hard segments. These PUs were

synthesized starting from 1,4-butanediol (BD) and aliphatic diisocyanates,

1,6-hexamethylene diisocyanate (HDI), or isophorone diisocyanate (IPDI). The

hydrolysis was carried out in an aqueous solution under sub- or super-critical CO2

conditions (below and above 7.1 MPa).



EXPERIMENTAL

Chemicals. Isophorone diisocyanate (IPDI), 1,4-butanediol (BD), methanol,
N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), and dimethyl
sulfoxide (DMSO) were purchased from WAKO Chemicals Co., Ltd., Osaka, Japan.
1,6-Hexamethylene diisocyanate (HDI) was kindly supplied by Nippon Polyurethane
Industry Co., Ltd., Yamaguchi, Japan. HDI and IPDI were used after distillation under
reduced pressure. BD and DMF were distilled over calcium hydride prior to use in
polyaddition reactions. For the identification of the hydrolyzed products, authentic
samples of isophorone diamine (I-DA) and hexamethylene diamine (H-DA) were
purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. Other chemicals
were commercially available as reagent grade and used as received unless otherwise

stated.

Characterization. Fourier transform infrared (FT-IR) spectra were recorded on a
Bio-Rad Laboratories FTS 3000 MXN spectrometer at room temperature. The
transmission spectra were measured using a KBr disk at the resolution of 4 cm™ in the
wavenumber range of 4000-800 cm™ with 32 scan times. 'H-NMR spectra (400 MHz)

were recorded on a JNM-GX400 spectrometer (JEOL Co. Ltd., Tokyo, Japan) using



tetramethylsilane (TMS) as an internal standard in chloroform-d, and measured at room
temperature with 8-16 scan times. The 5% weight loss temperature (Tdas) was measured
using a RIGAKU Thermos Plus TG8120 (Rigaku Denki, Co. Ltd., Japan) from room
temperature to 500 °C with a heating rate of 10 K min™' under a nitrogen atmosphere
(flow rate of 50 mL min™!). Elemental analysis (EA) was performed with a PerkinElmer
240II analyzer.

The number- and weight-average molecular weights (Mn and Mw, respectively) as well
as the polydispersity index (PDI, Mw/Mn) were estimated by gel permeation
chromatography (GPC) on a polystyrene gel column (Shimadzu Shim-pack GPC-802)
using a Shimadzu HPLC 20AD pump system equipped with a refractive index detector
using DMF as eluent at a flow rate of 1.0 mL min™!. My, My, and PDI were calibrated by

polystyrene standards.

Preparation of polyurethanes (H-PU and I-PU). To a solution of BD (6.8 g, 76.3
mmol) in dry DMF (50 mL), HDI (12.6 g, 74.8 mmol) was added at 80 °C, and a white
solid precipitated within 30 min. The reaction mixture was then stirred for 1 h. The
consumption of the isocyanate groups was monitored by titration with dibutylamine.'” A

white solid precipitated from this solution, and it was separated from the reaction



mixture by filtration. The obtained precipitate was washed with methanol using a
Soxhlet extractor, and it was then dried in vacuo to give H-PU as a white solid (18.9 g,
97.4%). The yield was calculated from the weight of H-PU and sum of both monomers.
IR(KBr): 3321, 1685, 1535, 1263, and 1064 cm™'. EA Calcd. for C12H22N204: C, 55.80;
H, 8.58; N, 10.84; Found: C, 55.64; H, 8.72; N, 10.73. Tqs = 282 °C.

The reaction between IPDI and BD gave I-PU according to a similar procedure
as that used for the synthesis of H-PU. The viscosity of the reaction mixture increased
with the elongation of the reaction time without precipitation. After cooling, the reaction
mixture was poured into a large amount of methanol to afford a white solid. The
obtained white solid was reprecipitated with methanol, and dried in vacuo to give a
I-PU as a white solid (96.7%). The 'H-NMR and IR spectra are shown in Figures 1S
and 28, ESI.

IR(KBr): 3451, 3335, 2954, 1634, 1546, and 1251 cm’!. EA Calcd. for C1sH2sN204: C,

61.51; H, 9.03; N, 8.97; Found: C, 61.47; H, 9.19; N, 9.03. Tas = 204 °C.

General procedure for the hydrolysis of PUs.!” First, 0.50 g of H-PU and 20 mL of
water were placed into a 200 mL stainless autoclave equipped with a pressure gauge

followed by the introduction of an appropriate amount of liquid COa2. Then, the



autoclave was heated using a band heater under a high pressure of CO2 (8.0 MPa). After
2 h, the reactor was rapidly immersed into an ice bath to cool to room temperature. Then,
a valve of the reactor was opened to release the pressured COa. Finally, the reaction
mixture was collected from the reactor and separated into a filtrate and water insoluble
residue (WIR) using a filter paper. The obtained WIR was washed with water and
methanol before being dried under vacuum at 60 °C for 24 h, and eventually weighed.
Under these reaction conditions, 0.28 g of WIR was obtained.

The degree of hydrolysis of PUs was estimated from the following equations: '’

Wo = Weight of starting PU
Wwir = Weight of WIR

Degree of hydrolysis (%) = ((Wo - Wwir) / Wo) x 100

The degree of hydrolysis under the employed conditions (8.0 MPa CO: at
190 °C for 2 h) was calculated from the weights (0.28 g Wwir and 0.50 g Wo) to be 44%.
The obtained WIR was analyzed by FT-IR spectroscopy.

The filtrate was concentrated in a rotary evaporator to afford an oil-containing

solid (0.21 g), which was weighed after drying. The water-soluble oil-containing solid
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obtained from the filtrate was analyzed by "H-NMR spectroscopy in chloroform-d.
In order to clarify the effect of the reaction conditions, the hydrolysis was
carried out upon changing single parameters such as the reaction time, COz2 pressure, or

reaction temperature. In all reactions, 20 mL of water and 0.50 g of PU were used.
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RESULTS AND DISCUSSION
Preparation of polyurethanes (H-PU and I-PU)

Scheme 2 shows the preparation route to produce two types of aliphatic
polyurethanes (PUs), namely poly(1,4-tetramethylene 1,6-hexamethylene dicarbamate)
and poly(1,4-tetramethylene 1,3,3-trimethylcyclohexane 1-methylene-5-dicarbamate),
abbreviated as H-PU and I-PU, respectively. The PUs were obtained by the polyaddition
reactions of the corresponding diisocyanate (DI) and 1,4-butanediol (BD) with a molar
ratio of [BD]o/[DI]o = 1.02. A small excess of BD was used for the synthesis of H-, [-PU
bearing hydroxy groups at the terminal units. After the reaction, the consumption of the
isocyanate groups was confirmed by titration with dibutylamine.!” The obtained PUs
were characterized by FT-IR and elemental analyses. The 5% weight loss temperatures
(Tas) of H-PU and I-PU were 282 and 204 °C, respectively, as determined by the TG
analysis. H-PU was found to be insoluble in common solvents, such as DMF, DMAc,
DMSO, methanol, ethanol, toluene, chloroform, hexane, and ethyl acetate. H-PU was
previously synthesized by other researchers and described to be soluble in common
solvents.?*2! On the contrary, Ambrozi¢ and co-workers reported that H-PU has a poor
solubility.?* This difference in solubility might be due to the molecular weight of H-PU.

[-PU was insoluble in some solvents (i.e., methanol, hexane, ethyl acetate, and
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water), while dissolving in DMF, DMAc¢, DMSO, and chloroform. As a reference, an
aromatic PU (poly(methylene bis-(1,4-phenylene)hexamethylene dicarbamate: M-PU!7)

was found to be soluble in polar solvents, as detailed in a previous study.

Hydrolysis reaction of PU and identification of the reaction products

It has been reported that the pH values of aqueous carbonic acid solutions
depend on the CO2 pressure and temperature.'!’>2*2® By judging from a representative
study,? under our conditions of 8.0 MPa CO: at 190 °C, the pH value is expected to be
around 3.5-4.0.

Firstly, the hydrolysis of H-PU (0.50 g) in water under typical conditions (8
MPa COz, 190 °C, 2 h) was carried out. A water insoluble residue (WIR) of 0.28 g and a
filtrate containing the water-soluble parts of 0.21 g (after drying) were obtained.
Obviously, the weight of H-PU decreased after the hydrolysis reaction.

Figure 1 shows the FT-IR spectra of H-PU and WIR. In the spectrum of H-PU,
the absorbance bands at 3321, 1685, 1535, 1263, and 1064 cm™ were assigned to
V(N-H)n-bond, V(C=O)n-bond, V(C-N) with (N-H), v(C-O), and v(O=C-O-C),

respectively.? 2’ The absorption bands observed in the FT-IR spectrum of WIR were
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identical to those of H-PU. These experimental data suggested that the WIR had the
same repeating structure as H-PU, and no side reaction occurred at the main chain upon
hydrolysis. These results matched those of the hydrolysis of M-PU, as previously
reported.!”

On the other hand, the obtained oil-containing solid was found to be soluble in
common solvents, such as DMF, DMAc, DMSO, methanol, ethanol, and chloroform;
thus, it was characterized by 'H-NMR analysis in chloroform-d. Figure 2 shows the
spectrum of the oil-containing solid without purification. The observed signals A and B
at 3.62 and 1.65 ppm were assigned to a set of protons due to BD. Similarly, the signals
aat 2.70 ppm, b at 1.45 ppm, and c at 1.33 ppm were ascribed to a set of protons due to
1,6-hexamethylenediamine (H-DA). Both BD and H-DA in the spectra were assigned
by comparison with the "H NMR analyses of commercially available authentic samples
of BD and H-DA. Therefore, it was obvious that the obtained compound was a mixture
of BD and H-DA, which are components of the repeating units of H-PU. Additionally,
no other signals appeared in the "H-NMR spectrum of the solid.

Similarly, water-soluble compounds and a water insoluble residue (WIR1)
were obtained when I-PU was hydrolyzed under a high pressure of COz in the presence

of water.
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The absorption bands in FT-IR spectra (SI, Figures S1 and S3) of WIRy and
the original I-PU were observed at the same wavenumbers as in the spectra of the H-PU
series in Figure 1.

The M» and PDI values of WIR: and [-PU were also estimated on the basis of
GPC measurements (SI, Figure S5). The profile of WIR: appeared bimodal, whereas
that of I-PU was unimodal. The two sets of (Mn, PDI) for WIR: and I-PU were (3,500,
2.93) and (3,5000, 2.33), respectively. After the hydrolysis, the Mn value decreased,
while the PDI increased. The change in Ma and PDI was due to the hydrolytic cleavage
of the polymer chain during the reaction. This means that [-PU was hydrolyzed under
COz in water to give WIR! as the corresponding oligomer. The '"H NMR spectra of
WIR! and I-PU also exhibited similar patterns of the major signals (SI, Figures S2 and
S4). In addition, some new weak signals could be observed for WIRi, which were
presumably attributable to the terminal units of the oligomeric I-PU. The appearance of
these signals can be well explained by the lowering of the molecular weights, as
supported by the GPC results of WIR1. The water-soluble compounds obtained from
I-PU were a mixture of I-DA and BD (SI, Figure S6).

These results indicated that the hydrolysis of PUs under a high pressure of CO2

proceeded with high selectivity affording raw chemicals. In a previous study about
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M-PU", similar results were obtained from the hydrolysis reaction in this CO2-water
system to produce the corresponding raw chemicals, i.e., BD and

4,4’-methylenedianiline (M-DA).

Effect of the reaction time on the degree of hydrolysis of PUs

The effects of the reaction conditions were also evaluated in terms of the
degree of PU hydrolysis.

The hydrolysis reaction of PUs was carried out at 190 °C under 8.0 MPa of
CO2 as a function of the reaction time. The corresponding results are shown in Figure 3.
For comparison, three types of PUs were heated under a N2 atmosphere of 8.0 MPa
instead of COz at the same temperature. As shown in Figure 3, the degree of hydrolysis
under a N2 atmosphere remained at low values (i.e., <3% for 24 h) over 29 or 44 h. This
means that the hydrolysis of PUs barely takes place in the absence of a CO2 atmosphere.
Presumably, the aqueous solution was not acidic enough to hydrolyze PUs owing to the
lack of protons deriving from the carbonic acid.

On the other hand, the reaction behavior dramatically changed under a CO2
pressure, and the hydrolysis proceeded significantly, as illustrated in Figure 3. Upon

high pressure CO: in water, 44% of H-PU was already hydrolyzed after 2 h.
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Surprisingly, this value increased to 98% after 24 h, suggesting that a quantitative
hydrolysis was achieved without any additives such as nonvolatile acids. The hydrolysis
of I-PU was carried out under the same conditions, and the hydrolysis proceeded up to
78 and 91% after conducting the reaction for 12 and 24 h, respectively. For both PUs,
excellent degrees of hydrolysis were apparently achieved. As shown in Figure 3, the
prolongation of the reaction time was effective for the hydrolysis of PUs. Moreover, no
other chemicals were detected in the reaction mixture in all cases. It was concluded that
the pressurization of COz2 in water is essential for the hydrolysis of PUs. As a reference
for the aliphatic PUs, the results of M-PU obtained in a previous work!” are also shown
in Figure 3, as well as the relationship between the hydrolysis and reaction time. Under
these reaction conditions, the aliphatic PUs showed a higher degree of hydrolysis than
the aromatic M-PU, and H-PU was more easily hydrolyzable than [-PU. It was evident
that the degree of hydrolysis at a certain time followed the order H-PU > [-PU >
M-PU'!” among the three PUs.

So far, Chapman et al. studied the hydrolysis of model polyurethane
compounds under moderately acidic conditions.?® In this report, the urethane moiety
connected to an aliphatic alkyl group was more hydrolyzable than that connected to a

phenyl group. The hydrolyzability observed in our study is in agreement with the results
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of the model compounds.

Effect of the temperature on the degree of hydrolysis of PUs

In order to investigate the effect of the reaction temperature on the hydrolysis,
the temperature was changed ranging from 90 to 190 °C. Figure 4 shows the
relationship between temperature and degree of hydrolysis of PUs over 12 h under 8.0
MPa of COz. The data for M-PU are also shown in Figure 4.7 At 190 °C, all PUs
showed excellent degrees of hydrolysis. M-PU was scarcely hydrolyzed at 160 °C, and
the degree of hydrolysis smoothly increased beyond 180 °C. The reason for this increase
has been described in a previous report.!” On the contrary, the relationship among the
aliphatic PU samples was different from that of M-PU. I-PU showed a high degree of
hydrolysis at lower temperatures than M-PU, which was 14 and 21% at 150 and 160 °C,
respectively. Furthermore, H-PU started to be hydrolyzed already at 110 °C to provide a
value of 8%.

It was reported that the pH values rise with increases in the temperatures of the
COz-water system. For example, the reported pH values at 95 and 150 °C were 3.35 and
3.59 under 6.3 MPa CO2% suggesting that the acidic solution conditions became

slightly milder with increasing temperatures. However, acid catalyzed reactions usually
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proceed faster as the temperature increases.'®!® It is expected that the pH increment has
a little effect on the hydrolysis compared with the high promotion of the reaction upon
increasing of the temperature.

Actually, the degree of hydrolysis of the three PUs gradually increased with
increases of the temperature. At the same temperature of 150 °C, the degree of
hydrolysis of H-PU, I-PU, and M-PU was found to be 25, 14, and 5%, respectively. The
hydrolyzability depended on the chemical structures of PUs, which differed in their
hydrophilicity. This hydrolyzability tendency was also observed in the time-dependence

of the degree of hydrolysis (Figure 3).

Pressure of CO;

Figure 5 shows the relationship between the CO2 pressure (2.0-16.1 MPa) and
the degree of hydrolysis of PUs at 190 °C for 2 h. The data for M-PU are also shown
based on a previous report.!” The degree of hydrolysis of each PU increased upon
increasing of the pressure from 2 to 6 MPa. It reached a maximum value at around 6
MPa, which is below the critical pressure of CO2 (7.1 MPa) at 190 °C. On the other
hand, over 6 MPa, the degree of hydrolysis remained almost constant at 34.9~38.9%
(for I-PU) and 31.5~35.0% (for M-PU).

Peng et al. reported that the pH of CO2 saturated water at 150 °C decreased
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from 4.11 to 3.59 while increasing the pressure from 1.0 to 6.3 MPa, and reached a
plateau beyond 6.3 MPa.?® This pH change was consistent with our results, according
to which the degree of hydrolysis increased until ca. 6 MPa, and remained constant
beyond 6 MPa. Over 6 MPa, the carbonic acid might reach saturation in water under
these conditions. The degree for I-PU was slightly higher than that for M-PU.
Obviously, H-PU was more readily hydrolyzed than I-PU and M-PU, especially in the
range from 4 to 16 MPa. This order of hydrolyzability can also be observed in Figures 2
and 3. A similar behavior dependent on the CO:z pressure was observed for the

hydrolysis of polyurea in a CO2-water system, as previously reported.!*!6

Comparison of the hydrolyzability among PUs

In a previous report,!” a plausible mechanism for this hydrolysis was proposed.
Thus, a proton generated from carbonic acid activates one of the carbonyl groups of a
urethane linkage, followed by the nucleophilic attack of water to the activated carbonyl
carbon to form an oxonium cationic intermediate. From this intermediate, amino and
hydroxy groups at the two terminals A and B (Scheme 3) could be formed through a
carbamic acid group by cleavage of the urethane group. As illustrated in Scheme 3, the

urethane groups at the terminals A and B could be further hydrolyzed to afford two
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products, i.e., a diamine and diol, which correspond to H-DA (or I-DA) and BD,
respectively, in this study.

DAs and BD were obtained as water-soluble components in the filtrate after the
hydrolysis. The actual composition of [H-DA]:[BD] and [I-DA]:[BD] was estimated
from the integral ratio of the signals in each 'H-NMR spectrum. The value of
[M-DA]:[BD] was also cited from a previous report,'” in which M-DA was generated
from M-PU. When the hydrolysis conditions of PUs were 8.0 MPa CO: at 190 °C for 2
h, the values of [H-DA]:[BD], [I-DA]:[BD], and [M-DA]:[BD] were 40.0:60.0,
32.7:67.3, and 17.9:82.1, respectively.

All samples hydrolyzed under variously examined conditions showed similar
trends in the compositions, suggesting that (1) the water-soluble components were
always rich in the ratio of BD, and (2) the ratios of [H-DA], [[-DA], and [M-DA] to
[BD] decreased in this order. The former consideration (1) indicates that, as shown in
Scheme 3, the hydrolysis rate (kv) of the urethane moiety close to terminal B is faster
than that (ka) of the moiety close to terminal A, whereby the filtrate became rich in BD
in analogy with a previous study.!” The latter consideration (2) also indicates that
different hydrophobic moieties (R in Scheme 3) such as alkyl, alicyclic, and aryl groups

changed the rate ka of the hydrolytic cleavage at terminal A, thus the urethane moiety
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connected to H-DA was more easily hydrolyzed than those connected to I-DA and
M-DA. It can be expected that the difference in the hydrolytic behavior among these
three types of terminal A would arise from the hydrophilicity of the terminal moieties
containing the amino groups. Therefore, the urethane moiety connected to H-DA at the
terminal A is more hydrophilic than the others (connected to I-DA and M-DA), thus
being in contact with water that causes the hydrolysis. This hydration hypothesis is in
good agreement with the fact that the solubility of diamines, H-DA, I-DA, and M-DA in
water is high, following the order 800 (at 15.6 °C), 8.5 (at 20 °C), and 1.25 (at 16 °C) g
L' for H-DA%, I-DA*°, and M-DA?!, respectively. Moreover, the increase of the ratio
of [H-DA], [I-DA], and [M-DA] in the filtrate is well supported by the obtained data
shown in Figures 2, 3, and 4, in which H-PU was hydrolyzed more easily, followed by

I-PU and M-PU.
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CONCLUSION

In this study, two types of aliphatic PUs (H-PU and I-PU) were synthesized
starting from 1,4-butanediol (BD) and diisocyanates (HDI or IPDI) possessing an
n-hexyl group or a highly bulky cyclohexane ring. The hydrolysis reactions of PUs were
carried out in a pressurized COz-water system. The reaction behavior was investigated
by changing the temperature (90-190 °C), time (up to 52 h), and CO: pressure (2.0-16.1
MPa). It was found that the degree of hydrolysis of PUs increased with the temperature
and time, mostly reaching a constant value over 6 MPa CO.. H-PU started to be
hydrolyzed under at a relatively low temperature of 110 °C. The maximum degree of
hydrolysis obtained was 98 and 91% for H-PU and I-PU, respectively. As a result of the
hydrolysis of the urethane linkages, both H-PU and I-PU successfully afforded the
respective diol (BD) and diamines as water-soluble components within the reaction
mixture. Both raw materials could be easily obtained by evaporation of the
water-soluble layers. These trends were similar to the hydrolysis of an aromatic PU
(M-PU) investigated in a previous study.!” It was found that, among the three PUs, the
fast rate of hydrolysis followed the order H-PU > [-PU> M-PU. The difference is
probably due to the hydrophilicity around the urethane linkage in the polymer terminal
moiety.

This efficient and environment-friendly hydrolytic system using CO2 and water
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was applicable to various types of PUs, including aromatic and aliphatic derivatives.

Moreover, this system might be valuable for the chemical recycling of condensation

polymers as well as the industrial application of chain-extended and cross-linked

polyurethanes.
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Figure 1. FT-IR spectra of H-PU (lower) and water insoluble residue (WIR) (upper) in

the range of a) 2600-3600 and b) 1000-1800 cm™'.
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Figure 2. "H-NMR spectrum of the filtrate as an oil-containing solid in chloroform-d.
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Figure 3. Changes of the degree of hydrolysis with the reaction time at 190 °C under

8.0 MPa of COz2 (open marks) and 8.0 MPa of N2 (filled marks).
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Figure 4. Relationship between the reaction temperature and degree of hydrolysis of

PUs over 12 h under 8.0 MPa of COa.
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Figure 5. Pressure dependence of the degree of hydrolysis of PUs at 190 °C over 2 h.
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Scheme 1. Hydrolysis reaction of M-PU in the COz2-water system.
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Scheme 2. Preparation scheme of aliphatic polyurethanes H-PU and I-PU.
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Scheme 3. Hydrolysis pathway of PUs.
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CAPTIONS

Figure 1. FT-IR spectra of H-PU (lower) and water insoluble residue (WIR) (upper) in
the range of a) 2600-3600 and b) 1000-1800 cm™'.

Figure 2. 'TH-NMR spectrum of the filtrate as an oil-containing solid in chloroform-d.
Figure 3. Changes of the degree of hydrolysis with the reaction time at 190 °C under
8.0 MPa of CO2 (open marks) and 8.0 MPa of N2 (filled marks).

Figure 4. Relationship between the reaction temperature and degree of hydrolysis of
PUs over 12 h under 8.0 MPa of COsx.

Figure 5. Pressure dependence of the degree of hydrolysis of PUs at 190 °C over 2 h.
Scheme 1. Hydrolysis reaction of M-PU in the CO2-water system.

Scheme 2. Preparation scheme of aliphatic polyurethanes H-PU and I-PU.

Scheme 3. Hydrolysis pathway of PUs.
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